A major challenge in transistor technology scaling is the formation of controlled ultrashallow junctions with nanometer-scale thickness and high spatial uniformity. Monolayer doping (MLD) is an efficient method to form such nanoscale junctions, where the self-limiting nature of semiconductor surfaces is utilized to form adsorbed monolayers of dopant-containing molecules followed by rapid thermal annealing (RTA) to diffuse the dopants to a desired depth. Unlike ion implantation, the process does not induce crystal damage, thus making it highly attractive for nanoscale transistor processing. To date, reported MLD processes have relied on solution processing for monolayer formation. Gas-phase processing, however, benefits from higher intra-and interwafer uniformity and conformal coverage of 3D structures and is more desirable for manufacturing. In this regard, we report a new approach for MLD in silicon and germanium using gas-phase monolayer formation. We call this technology gas-phase monolayer doping (GP-MLD). This method relies on sequential pulse-purge cycles of gas-phase dopant-containing molecules to form a boron-or phosphorus-containing monolayer on a target semiconductor surface. Here, we show the feasibility of our approach through the formation of ultrashallow B-and P-doped junctions on Si and Ge surfaces. The mechanism of adsorption is characterized using Fourier transform infrared spectroscopy and X-ray photoelectron spectroscopy. Sub-5 nm junction depths with high dopant dose are obtained as characterized by secondary ion mass spectrometry and sheet resistance measurements. Additionally, we demonstrate that area selectivity can be achieved via lithographic patterning of the monolayer dopants before the diffusion step. The results demonstrate the versatility of the GP-MLD approach for formation of controlled and ultrashallow junctions.
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Introduction
To meet the continuous demand for faster and more energy-efficient electronics, transistor scaling has been the main driving force for technology advancement in the semiconductor industry. (1) (2) (3) However, at the extreme scaling limit, a uniform surface doping profile in the transistor source and drain regions, channel, and subchannel becomes very important, especially for 3D semiconductor architectures such as fin field-effect transistors (FinFETs).(4, 5) The junction depth and dopant concentration should be well controlled to minimize contact resistance as well as variability effects due to random dopant fluctuations in the channel and subchannel regions of the FinFETs. As technology progresses to smaller nodes, conventional doping methods such as ion implantation suffer from deep junction creation, severe crystal damage, and incompatibility with 3D structures such as fins due to shadowing effects. (6, 7) Consequently, a well-defined, ultrashallow doping process is an urgent requirement with immediate technology benefits for today's industry.
Previously, we developed a method known as monolayer doping (MLD) for controlled, nanoscale doping of semiconductor materials.(8-11) This method relies on (1) the formation of a monolayer of dopant-containing molecules on the semiconductor surface followed by deposition of a capping layer to encapsulate the molecules and (2) a subsequent thermal annealing step leading to bond cleavage and diffusion of dopant atoms to form a uniformly doped layer. This method takes advantage of the surface self-limiting chemisorption reactions to make covalent bonds between the dopantcontaining molecules and Si surfaces which consequently allow control of the dopant profile on the surface by tuning the drive in conditions. Additionally, due to the monolayer formation process, MLD can be used for uniform doping of high aspect ratio nanostructures such as nanowires(12-14) and FINFETs.(15) Unlike ion implantation which can lead to damage and amorphization of the silicon surface due to bombardment of the surface with highly energized ions, MLD has been demonstrated for defect-free 20 nm FINFETs on the wafer scale.(16) In addition, the areal dopant dose for MLD can be well controlled by tuning the capping layer,(17) dopant molecule size, number of dopants per molecule,(18) as well as molecular surface coverage. (19) Due to the ability to form sharp, damage-free nanoscale junctions using this process, MLD has been proposed on the International Technology Roadmap for Semiconductors (ITRS) as a potential doping process for future devices. (20) One challenge in MLD is that the process requires appropriate solvents to form the monolayer surface termination. Industrialization of the process based on solution treatment is not favorable due to the lack of controllability and waste management issues. Here, we introduce a gas-phase monolayer doping (GP-MLD) method based on the formation of a monolayer of the dopant-containing molecules from the gas phase. The gas-phase deposition is desirable over solution processes for uniformity across multiple substrates and controllability of the monolayer formation process. In addition, gasphase deposition removes the necessity for solvents and consequently the process wastes. Finally, gas-phase processing provides a more conformal and uniform coverage for 3D structures with high aspect ratio features. The GP-MLD process used for adsorption of dopant-containing molecules utilizes the equivalent of a half cycle in a conventional atomic layer deposition (ALD) process, without the counterpart pulse that oxidizes or reduces the surface layer. In order to saturate the substrate surface, multiple pulse-purge half cycles of the dopant molecule may be utilized. After deposition of the molecules on the semiconductor surface, a capping layer, e.g., SiO x , is deposited to avoid loss of the adsorbed molecules during the subsequent drive-in step. The drive-in step utilizes a high-temperature spike anneal using either rapid thermal annealing (RTA) or a laser-based annealing process to drive the dopants into the desired depth. This is an efficient, self-contained, and reliable method to uniformly dope semiconductor surfaces over large areas, which is applicable for both p-and n-doping of nanostructured and planar surfaces for various applications. Figure 1 schematically shows the GP-MLD process for Si and Ge substrates. Allylboronic acid pinacol ester and diethyl 1-propylphosphonate were used as the B-and P-containing precursors, respectively. Prior to introduction to the reactor chamber, silicon and germanium substrates were dipped into a 0.5% hydrofluoric acid (HF) solution for 5 s to remove the native oxide. The samples were then immediately transferred to a reactor chamber for the gas-phase molecular adsorption process. The samples were then capped with a 50 nm thick SiO x layer deposited using electron-beam evaporation. RTA was then applied at various temperatures and times to drive the dopants into the desired depth. After drive in, the SiO x capping layer was etched using a 0.5% HF solution, yielding an ultrashallow doped layer ready for immediate further processing. Given the chosen molecules, we first explore the surface chemical structure and properties after the gas-phase monolayer formation process. Figure 2a shows the FTIR spectra of allylboronic acid pinacol ester on Si and Ge surfaces taken after monolayer deposition. The FTIR spectra show peaks around 2800-3000 cm -1 , corresponding to CH 2 and CH 3 stretching vibrations(21-23) originating from the interaction between allylboronic acid pinacol ester and the Si and Ge surfaces. On the other hand, the stretching vibration of C═C originating from intact molecules is expected to appear around 1650 cm -1 . The absence of such peaks indicates that the C═C bonds are opened upon interactions with the Si and Ge surfaces. The broad peaks around 1470 cm -1 can be assigned to different vibrational modes of the C-O bonds in the molecular structure. This indicates that the surface process involves a chemical interaction between the molecule and the surface resulting in alteration of the molecular structure and formation of stable surface-molecular bonds. To further explore the interfacial interactions, XPS measurements were conducted on the surfaces before and after dopant deposition. For quantitative analyses, the XPS peaks are normalized versus reference Si 2P and Ge 2p peaks of the Si and Ge substrates, respectively, to subtract the measurement variations which may affect the signal intensities. Figures S1a and S1b show slight shifts of the Si 2P 3/2 and Si 2P 1/2 subpeaks and formation of shoulders for Ge 2P 3/2 around 1221 eV and Ge 2P 1/2 around 1252 eV subpeaks upon adsorption of the molecules as compared to the pristine samples (HF cleaned). These indicate that the surface chemistries of the Si and Ge surfaces are changed due to the GP-MLD process. Figures S1c and S1d, respectively, present the B 1s and P 2p spectra implying formation of the boron-and phosphorus-containing adsorbates. B 1s and P 2p peak intensities imply different amounts of adsorbates formed on Si and Ge substrates, while similar peak shapes indicate identical B and P bonding mechanisms on Si and Ge surfaces. Figure 2b and 2c shows the XPS spectra for the C 1s and O 1s peaks, respectively. The C 1s peak is decomposed into C-C/C-H (285.4 eV) and C-O -(287.1 eV) species, while the O 1s peak is resolved into oxide and hydroxyl subpeaks indicating an ∼1.5 eV difference in bonding energy. (24, 25) To calculate the actual hydroxyl fraction, the contribution of the surface contamination was subtracted according to the procedure described elsewhere. (26) The values of the C 1s and O 1s peak deconvolutions are summarized in Table 1 . A plot showing the deconvoluted C 1s peaks for pristine and B-doped Si is shown in Figure S2 as an example. The C 1s spectra show a clear increase in the C-O subpeak area, indicating the presence of adsorbates on the surfaces. Additionally, the O 1s peaks show a reduction of the O-H peak area upon molecular adsorption, while the areas of the O 2-/B-O subpeaks increase. These indicate that the OH fraction of Si and Ge is consumed upon the molecular interaction, suggesting an acid-base interaction. These together with the FTIR results indicate that the chemisorption of allylboronic acid pinacol ester involves interactions between the carbon-carbon double bonds of the molecules and the −OH group of the surfaces, resulting in the formation of carbon-carbon single bonds. Consequently, the interaction of the allylboronic acid pinacol ester with the surfaces can be described by the following reaction (1) where R indicates the substitutional moieties on the molecule.
Results and Discussion
Given knowledge of the surface chemical interaction, we explore the practical implications of the molecular surface arrangement and find an optimal parameter space for the deposition process. Figure 2d shows normalized subpeak areas of the C 1s, C-O and O 1s, O 2-/B-O subpeak areas of allylboronic acid pinacol ester on Si and Ge substrates versus the monolayer deposition process temperature. As discussed, these subpeaks are correlated to the molecular density on the Si and Ge surfaces. It can be seen that the greatest amount of adsorbates is obtained at a deposition temperature of 95 °C, whereas lower amounts of molecules are formed at 70 and 120 °C. An elevated temperature can increase the rate of desorption and reduce the number of defects in the formed monolayer while crossing the activation barrier for reorganization and lateral rearrangement of the adsorbates. However, further increasing the process temperature may cause phase changes and variations in the intermolecular interactions resulting in a reduced amount of molecules adsorbed.(27-30) Therefore, it is found that a moderate temperature of 95 °C is optimal for this process.
Complementary to the boron-containing species, Figure 3 shows the FTIR and XPS spectra (C 1s and O 1s) of diethyl 1-propylphosphonate on Si and Ge surfaces. The FTIR spectra in Figure 3a exhibit peaks around 1000 cm -1 originating from P-O bonds, while those around 1400 cm -1 are correlated to C-H alkanes. Moreover, P═O phosphonate peaks within 1230-1260 cm -1 are small (or negligible), which indicates the formation of P-O bonds upon molecular adsorption on Si and Ge surfaces.(31-35) Similar to the boron case, the C 1s XPS peak shows a clear increase in the C-O peak intensity after monolayer deposition, indicating formation of adsorbates as shown in Figure 3b and Table 2 . Like that of allylboronic acid pinacol ester, the O 1s XPS shows that adsorption of diethyl 1-propylphosphonate occurs along with hydroxyl removal, indicating an acid-base interaction. The OH reduction on Si upon molecular adsorption can be due to the interfacial interaction. On the other hand, the FTIR spectra indicate an interaction between the diethyl 1propylphosphonate molecules and surfaces leading to formation of −P-Obonds. The interaction of an unsaturated group, i.e., P═O, with the OH fraction suggests that the P═O group acts as the Lewis base (electron donor) and the OH as the Lewis acid (electron acceptor). (2) where R indicates the molecular moieties. Figure 3d exhibits the normalized C 1s, C-O and O 1s, O 2-/P-O subpeak areas of diethyl 1-propylphosphonate on Si and Ge substrates deposited at 70, 95, and 120 °C temperatures. Like that of allylboronic acid pinacol ester, the greatest amount of adsorbates is obtained at 95 °C, indicating the importance of a moderate temperature for optimal molecular adsorption using the GP-MLD process.
To demonstrate the effectiveness of the GP-MLD process for creating ultrashallow doped junctions, secondary-ion mass spectrometry (SIMS) measurements were carried out on the Si samples doped with boron using the GP-MLD method. Figure 4 shows the B doping profiles of Si samples annealed at 1000 °C for 0 (i.e., spike anneal) and 10 s, indicating the formation of ultrashallow junctions. The surface boron concentrations in the samples are 7.5 × 10 20 and 3 × 10 20 cm -3 for the spike and 10 s anneals, respectively. For the spike anneal, the doping concentration decays abruptly at a rate of approximately 1.6 nm per decade, while for the 10 s drive in, the concentration decays slower at approximately 3.7 nm per decade due to the diffusion of dopants during the drive in. At a depth of 25 nm, the B concentration drops to 10 15 and 10 17 atoms/cm 3 for the spike anneal and 10 s drive in, respectively. In typical highly scaled transistors, the channel doping concentration is approximately 5 × 10 18 cm -3 . (9) If the junction depth (x j ) is defined to be the depth at which the doping concentration is equal to 5 × 10 18 cm -3 then this would correspond to an x j of 3.5 and 11 nm, respectively, for the spike and 10 s drive in times. The nanoscale junctions demonstrated here are of particular interest for a wide range of applications such as highly scaled FinFETs and nanowire transistors given the known uniformity of gasphase processes for conformal coverage of 3D structures.(39, 40) To further characterize the electrical performance of the doped samples, sheet resistance (R s ) measurements were conducted using the four-point probe technique for various RTA temperatures and times. The R s values of the starting Si and Ge wafers used were 7 × 10 5 and 1500 Ω/□, respectively. Figure 5a and 5b shows the R s values for the Si wafers doped with boron and phosphorus via GP-MLD as a function of annealing time for annealing temperatures of 950, 1000, and 1050 °C. It can be seen that for both dopants, the R s values of the Si wafers sharply decrease with annealing time from 10 5 -10 6 to 10 3 -10 4 Ω/□ in all cases, with higher annealing temperatures leading to lower resistivities. This can be explained by more dopants being driven in over time followed by diffusion further into the Si surface. For longer annealing times, the resistivities increase slightly, which presumably is due to deep diffusion and surface depletion of the dopants. Figure 5c and 5d shows the R s values of boron-and phosphorusdoped Ge as a function of annealing time for annealing temperatures of 600, 650, and 700 °C. Lower drive-in temperatures were used for Ge as the diffusivity of B and P in Ge is much higher than that of Si. Similarly, the R s values decrease with higher annealing temperatures due to the greater diffusivity. From these results it can be seen that by changing the diffusion temperature and time, the surface doping concentration as well as the junction depth can be tuned for different applications. For practical device applications, it is necessary to be able to achieve selective doping of certain areas rather than doping the entire surface of the device wafer. To demonstrate this, area-selective GP-MLD was conducted via patterning of a Si wafer. Figure 6a shows the fabrication process. The fabrication process consists of an electron-beam lithography step to pattern 2 Xm squares with poly(methyl methacrylate) (PMMA) resist on the Si surface. Afterward, the molecular deposition of allylboronic acid pinacol ester was conducted after an immediate HF dip to remove native oxide using the gas-phase process followed by deposition of the SiO x capping layer. Subsequently, the PMMA was lifted off in acetone, leaving dopant-free areas.
Then RTA was used to drive the dopants into the desired depth, and the SiO x cap was removed. To characterize the effectiveness of the patterned doping, conductive AFM was used to map out the surface conductivity. Figure 6b shows a schematic of the conductive AFM setup, and Figure 6c shows example current-voltage curves taken on a doped and undoped region of the wafer, displaying an over 20× decrease in resistance in the doped region. Figure 6d shows the current and corresponding topography map from the AFM taken across the selectively doped regions at an ac bias voltage of 4.0 V. The conductive AFM image exhibits a sharp transition in conductivity between the doped and the undoped regions, demonstrating the feasibility of this process to be used in highly scaled devices. The topography image shows that the undoped regions are slightly raised compared to the doped regions, presumably due to the native oxide removal before the GP-MLD process. 
Conclusion
In this work, we demonstrated monolayer doping of Si and Ge wafers by boron-and phosphorus-containing molecules via a gas-phase deposition process. The process, which we call gas-phase monolayer doping, utilizes a modified ALD apparatus to obtain fine control over surface saturation defined by a self-limiting surface reaction. We have shown that GP-MLD provides excellent controllability of the monolayer formation process and consequently well-defined areal dose and spatial distribution. Area-selective doping was conducted using lithography to pattern the deposited monolayers, the feasibility of which was verified using conductive AFM mapping. GP-MLD is of particular interest for a wide range of electronic applications enabling doping of ultrashallow junctions. In the future, alternative B-and P-containing molecules with different active functional groups promoting selective adsorption on Si/Ge and their oxides may be explored. In this way, the areal dopant dose may be further controlled by utilizing molecules with different footprint size or by enabling controlled multilayer assembly by choosing the appropriate precursors.
Methods

Gas-Phase Monolayer Doping
The gas-phase monolayer doping tool is a home-built system resembling a conventional ALD apparatus consisting of a bottle containing precursor(s), a tube furnace reactor chamber, and gas delivery and pumping systems. The reactor temperature is set to 70, 95, and 120 °C for different samples. After reaching the set temperature, the precursor is pulsed 10 times for 1 s each with 20 s purge intervals to uniformly deposit a monolayer of the molecular dopant species onto the Si or Ge wafer. After deposition, the deposited monolayer is immediately capped with 50 nm of SiO x , deposited via electronbeam evaporation to prevent desorption of the dopant molecules during the subsequent thermal diffusion step. Rapid thermal annealing (RTA) is conducted at temperatures between 950 and 1050 °C for doping of Si and between 600 and 700 °C for doping of Ge for either "0" (spike anneal) or 10 s. HF (0.5%) was used to remove the SiO x cap after RTA drive in to complete the doping process. Since the quality of the capping layer, e.g., thickness, density, etc., can potentially influence the doping process, constant experimental parameters are used for deposition of SiO x to obtain reproducible capping layers.
SIMS Measurements
The SIMS measurements were carried out using a Physical Electronics ADEPT-1010 quadrupole system. The depth scales were based on sputter rates calculated from the depths of the analytical craters, measured by stylus profilometry with NIST traceable calibration. Corrections to depth calibration, with changes in composition, have been applied (PCORSIMSSM) assuming a constant sputter rate for the entire profile. The one sigma accuracy of the depth calibration should be within ±1-10%. The concentration of B in Si was calibrated using sensitivity factors calculated from a standard sample. The B profiles were normalized on a point-to-point basis to the Si profile before the relative sensitivity factor was applied. (41) 
